Abstract-a novel actuator is introduced that combines an elastically compliant composite structure with conventional electromechanical elements. The proposed design is analogous to that used in Series Elastic Actuators, its distinctive feature being that the compliant composite part offers different stable configurations. In other words, its elastic potential presents points of local minima that correspond to robust stable positions (multistability). This potential is known a priori as a function of the structural geometry, thus providing tremendous benefits in terms of control implementation. Such knowledge enables the complexities arising from the additional degrees of freedom associated with link deformations to be overcome and uncover challenges that extends beyond those posed by standard rigidlink robot dynamics. It is thought that integrating a multistable elastic element in a robotic transmission can provide new scenarios in the field of assistive robotics, as the system may help a subject to stand or carry a load without the need for an active control effort by the actuators.
INTRODUCTION
In most advanced applications of robotic engineering, the design is focused on dimensioning rigid components, characterized by an inherently high structural stiffness. This is done in order to avoid any flexibility or deformation of the links while interacting or manipulating objects, and represents the main reason that slender components, such as beams, plates or shells, are usually not present in robotic devices.
In general, robotic designers avoid compliant structures because they may cause unwanted shape changes and result in the onset of structurally nonlinear regimes, which, in turn, may lead to catastrophic and often sudden, uncontrolled, failure.
Furthermore, control implementation of flexible robotics is still an open issue. The motivation for this work is to understand certain structural nonlinearities so that they can be exploited beneficially.
There are several examples of compliant structures used in the design of novel actuators or studies focused on the control of flexible link robots [1] [2] [3] . However, previous approaches were mostly focused on minimizing, rather than exploiting, elastic effects (especially nonlinear ones). This is, indeed, particularly important in applications where high position accuracy is a primary requirement. We mention, for instance, DC brushless actuators. Their advent has provided the best performance in terms of torque/weight ratio by introducing direct drive force control and eliminating friction and backlash that were typical of motors with transmissions. However, attempts to reduce nonlinear behaviors and inertia in this actuation technology have lead to an inevitable increase in mass and cost.
A solution was proposed with the introduction of Series Elastic Actuators [4] [5] . Indeed, reducing the interface stiffness by inserting series elasticity at the interaction port between the electromechanical actuator and the load, can substantially decrease the peak output force and acts as low-pass filter [6] [7] , thus increasing the system safety. With such architecture, the force control problem can be addressed by a fine position control because the output force is directly related to the mutual distance between the load and the end effector across the series elasticity. Despite their diffusion, this type of technology remains underexploited, especially for robotic applications, where position accuracy is the primary requirement and structures' compliance results in errors of the effector's end and inefficiency in production line. On the other hand, for biomimetic applications [8] [9] [10] and human robot interaction [11] , variable stiffness actuation remains the most effective solution, allowing a fine modulation of the interaction force and also providing the possibility for energy storage due to the presence of elastic elements [12] [13] .
The purpose of the work presented here is to use a compliant architecture that, by merging different technologies (electromechanical and composite materials), aims at responding to different dynamic conditions by preserving the accuracy requirements for both force and position control. The main idea is to exploit flexible structures to develop Compliant "Morphing" Mechanisms [14] [15] [16] with embedded actuators to be integrated at joint level. In particular, here this is done utilizing the Multistable Composite Structures of the kind presented by Lachenal et al. [17] and Pirrera et el. [18] [19] [20] .
The foundational hypothesis for the CARAPACE system (see title for the acronym meaning) can be summarized as follows. Structural components in robotic systems are generally designed to be stiff and respond linearly to the stimuli arising from different operating regimes. However, allowing controlled, well-behaved, nonlinear deformations could enable stiffness tailoring, to adapt deformations and work constructively as an integrating part of the wider mechanism. In the following sections, we propose a novel design based on the synthesis of electromechanical actuation and multistable composite materials. In the remainder of the paper, the multi-stability of the system is detailed, an admittance control is implemented and preliminary stability tests are performed.
II. ACTUATOR DESIGN

A. Mechanics of the actuation system
The actuator is comprised of an electromechanical system (brushless motor) and a multistable composite transmission (MCT) ( Figure 1A ) directly connected to the motor's shaft. The MCT is made of two pre-stressed flanges combined using stiff connecting spokes and it is able to take any twisted configuration between a coiled and a straight configuration. Figure 1A shows the MCT in the straight and twisted configuration (top and bottom illustration, respectively). When the motor shaft rotates one end of the MCT, the latter twists and assumes a helical shape that depends on the motor's rotation. The torque of the motor is then transformed into an axial force and the reduction ratio depends on the inclination of the flanges, as illustrated in Figure 1B . The following section details the analytical formulation for the MCT's strain energy assuming an inextensional model for the flanges' deformation. Expressions for the stable equilibria are derived for a MCT with specific fibre orientations (lay-up). 
III. MCT ANALYTICAL MODEL
A. Definition
The word lay-up describes the arrangement of the layers (plies) of composite material constituting a laminate. It is expressed as a series of numbers between brackets, defining the angles of the principal direction of each layer with regards to a reference axis. A lay-up is deemed to be symmetric when layers of the same properties, thickness and ply angle are positioned symmetrically with regards to the mid-plane of the laminate [21, 22] : [α/β/χ/χ/β/α], where a Greek letter is used to indicate the ply angle. In this study, the lay-ups are limited to [β/β/0/β/β] to reduce the design space.
B. Introduction and Assumptions
In the straight configuration, shown as light g the structure consists of two flat flanges kept rigid spokes. As mentioned earlier, the dev applying opposite moments about the X-axis a of the structure, resulting in the configuration in Figure 2 . The helix is multi-stable; i.e. it o to snap from one stable equilibrium to a achieved by pre-stressing the flanges. The st simply results from manufacturing the parts mould of radius R i and flattening them for MCT.
The work presented here draws upon mod Lachenal et al. [17] . The MCT behaviour is a the evolution of its strain energy. Because the flanges at a constant distance throughout the we consider the flanges to lie tangential t underlying cylinder of constant diameter equ length H = 2R, see Figure 2 . Furthermore, bec are narrow, we assume that their mid-surface and deforms uniformly, i.e. the membran associated with the twist of the MCT is n assumptions allow only two parameters t possible configurations of the structure; the the underlying cylinder and the orientation o (x,y) attached to each flange with respect to cylinder, defined by the angle θ, as illustrated i
C. Strain Energy and Stable Equilibriums
As the transformations are assumed to be i strain energy of one flange has the expression
where L, W are the length and width of the fla the superscript T denotes the transpose of the curvature Δκ (equation (3)) and D * = D -BA -flexural stiffness of the flange as defined in c theory [22] . To find the stable equilibrium grey in Figure 2 , apart by a set of ice can twist by at the extremities n shown in black nly needs energy another. This is tate of pre-stress on a cylindrical assembly of the delling worked by analysed through e spokes keep the e transformation, to an imaginary ual to the spoke's cause the flanges e does not stretch ne strain energy neglected. These to define every curvature 1/R of of the local axes o the axis of the in Figure 2 .
inextensional, the [21] (1)
ange respectively, vector change of 1 B is the reduced classic lamination m states of the structure, we look for points m conditions; the first derivative of the to θ is equal to zero and the seco energy with respect to θ is strictly p
D. Curvature Change
The tensor Δκ describing the c found for any R and θ in the (x,y)
Mohr's circle of curvature [23] . In manufactured on a curved tool of ra κ x =1/R i must be considered in the e curvature; thus the ratio α = R i /R radius R i and the radius R of the und It is worth noting that the change of of the flange is not imposed by t instead it results from Poisson's ra solving the equation of moment of considering its free-edge bounda change in curvature to any configu described by the vector Δκ 
E. Strain energy tailoring
We now consider the stability o of the angle of helix θ and the D * m 3a and b are surface and contour p the strain energy given by equation circumferential axis represents the radial axis is the ply angle β. N dimensions L = π ×R i = 179 mm numerical example. Peaks on the plot correspond to unstable confi indicate stable equilibria. In configurations rotate with increasin where the dotted lines represent configurations. As such, it is possib at any predefined helical angle b feature that may be exploited the de As an example, the points A…E cor for specific lay-up configurations β ght (light grey) and θ and the constant eeting the following two e strain energy with respect ond derivative of the strain positive (2) hange of curvature can be coordinate system using a n our case, the parts being dius R i , the initial curvature expression of the change of relating the manufacturing derlying cylinder is defined. f curvature across the width the geometry of the helix; atio effects and is found by the flange about the y-axis ary condition. Hence, the uration of a flange can be [24] .
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[-] Applying Castigliano's theorem to the MCT, the axial force, stiffness, twist moment and torsional stiffness can be derived from equation (1), yielding:
where F, M is the axial force and twist moment applied to one end of the MCT respectively; k, Γ is the axial stiffness and torsional stiffness of the MCT respectively and Δ , φ are shown in Figure 2 . The highly non-linear response of the MCT is shown by the plots of equations (4) and (5) 
IV. MODELING THE ACTUATOR
A. State Space Model
In order to understand the dynamic behavior of the proposed architecture, a model of the whole system comprising the electromechanical actuator and the multistable composite element with a lay-up [45/45/0/45/45] has been implemented as a two degree of freedom (DoF) second order lumped system, see Figure 6 . The two masses correspond to the inertia of the rotor with the gear reduction and the load connected to the electromechanical actuator by the multistable composite transmission. By means of the latter component, the motion to the load is transmitted by a conversion of the angular rotation of the motor into a linear translation and the relationship between the two measures is highly dependent on the inclination of the helical shape of the carbon flanges during the motion. By observing Figure 7 it is clear that the ratio between the torque generated by the motor is also a function of the geometry of the multistable composite transmission. Hence, the force delivered C D to the load is a function of the helix angle, θ, with respect to the axis of twist, which is the main parameter responsible for the conversion from torque to force. Considering the torque of the motor T M and the radius of the helix R, the tangential force F T can be written as:
To express the axial force delivered to the load F A , for a given θ, the following holds:
In fact, for θ = 0 a singularity arises as the MCT is in a completely extended configuration (F A tends to infinity), while for θ = π/2, the helix is in a coiled configuration, thus the axial force is equal to zero because the motor torque T M is totally transformed in a tangential component F T . If we assume that the MCT is in one of the stable equilibrium configurations (point of local minimum of the strain energy), the dynamic behavior of the two masses to simulate the whole system for an impulse response are
where F M is the axial force delivered by the motor torque T M to the load and corresponds to the force F A of the equation 7 and observable from figure 7: F Ak and F Ab are the restoring elastic force and the damping of the multistable composite element after it has been perturbed from its equilibrium position, respectively. While considering the electromechanical actuator delivering the torque T M , an elastic torque T Ak and a damping T Ab applied by the MCT on the rotor , counteract the actuator's rotation to obtain the minimal energy configuration, as shown by equation 9. Assuming an open loop control scheme we may refer to a dynamic system of a unitary inertia I M of the actuator and a unitary mass M of the load. By using this simplified model it is possible to simulate the behavior of the system for an impulse and observe the response of the oscillating masses of the rotor and the load. The MCT is made of carbon fiber/epoxy material which increases both damping and stiffness depending on the ply number and ply orientation (lay-up), as explained in the previous section. Assuming, for sake of simplicity, that the axial stiffness (K A ) is equal to the torsional one (Kτ) of the MCT, Table I reports different value of stiffness and damping used for simulating the response of the whole system. If the system is perturbed by a torque impulse sent by the electromechanical actuator the response will be different depending on the composition of the MTC. As we are not considering a closed but an open loop control, the overall behavior will result in an asymptotically stable second order damped oscillation. The results depicted in Figure 8 report an oscillation varying its shape depending on the stiffness and damping of the MCT. First, assume that the zero position of both the motor and the load corresponds to a configuration of equilibrium of the MCT. Then, the response of the overall system consists of an oscillation around the equilibrium configuration because of the elastic behavior of the MCT trying to recover into its stable position with a restoring axial force. It is worth noting that a higher stiffness and damping (K-B 1) facilitate a prompt response of the system limiting the overshoot and decreasing the oscillations. The Bode plot ( Figure 9 ) depicts the transfer function and the phase of the system assuming the torque of the motor T M as input and as output the displacement of the load X. It shows that for higher stiffness and damping (K-B 1), the bandwidth increases and the phase lag is significantly reduced. However, for lower values of the parameters (K-B 5), the bandwidth of the system is lower and the phase lag becomes apparent for lower frequencies. 
V. EXPERIMENTAL CHARACTERIZATION
A. Closed loop control of the actuator
A test bench for characterizing the actuator was built. The structure comprises a brushless motor (Maxon ECi 40 70W and a 14:1 gearhead) connected to a MCT with symmetric layup [β/β/0/β/β] with β=45 degrees and a uniaxial force sensor (Futek LCM300 100lb capacity) that was used to implement a force control scheme ( Figure 10A ). To test the system in closed loop we implemented an admittance control scheme ( Figure 10B ), consisting of two nested control loops. In the outer loop, the human-generated force, provided by a force sensor, is translated into a robot movement through a 'target admittance' block, which specifies the desired behavior of the actuator at the interface with the subject. In other words, the target admittance reflects the desired haptic rendering behavior and generates a desired device position. The inner loop is a PD position controller and is used to compensate for the intrinsic robot dynamics and to drive the motor in the position computed by the target admittance controller block. By modifying the parameter M, B, K of the target admittance it is possible to impose different mechanical response to position step perturbation. It is important to note that the system, starting from one of its multiple equilibrium configurations (Figure 12 ), behaves as a non linear spring, trying to reconfigure to a minimum strain energy state after a displacement is applied: configurations of equilibrium for the used lay-up [β/β/0/β/β] with β=45°, are depicted in Figure 12 and evaluated by our mathematical model in Figure 3 . The presence of the admittance controller fully compensates for the restoring force by superimposing the simulated dynamic (M, B, K) which is input to the inner position control loop as depicted in figure 10B and then feedback by the servo to drive the electromechanical actuator. This approach is suitable when elastic deformation of the whole actuator is detrimental for specific operations. Then, it must be compensated for in order to have a higher accuracy in position and force control, mostly relying on the force detection at the tip of the sensor connected to the final part of the MCT. But, as stated in the introduction of the present work, well-behaved nonlinear deformations could enable structural stiffness tailoring to match different operating conditions. The capacity of MCTs to take multiple configurations of stable equilibrium, across their operating range, is a feature which could result in major benefits, especially in those conditions when a robust holding position control is required. For example, assume a mechanism must hold a specific configuration rejecting disturbances. If such a configuration is close to a local minimum of the MCT, then the control effort of the electromechanical counterpart can be relieved, instead relying on the intrinsic elasticity and damping ability of the MCT, which will be able to recover a stable configuration after an unexpected perturbation occurs. Figure 13 shows a simple test where two admittance controllers were tested for a force input by a human acting directly on the force sensor and moving the actuator remotely from an equilibrium configuration of equilibrium (minimum of strain energy) In Figure 13 .B, the red plot corresponds to the axial force applied by the human to the force sensor. The displacement (blue trace) is then evaluated by the target admittance block and fed back to the motor as indicated on the top of Figure 13 .B: when at the time T 1 the operator releases the force sensor the restoring force of the MCT should move the whole actuator back to the initial unperturbed configuration. In fact, once released the system remains in the perturbed configuration due the presence of the proportional action K of the admittance control, chosen to compensate for the elasticity of the MCT (clearly shown in figure 13 .B). In Figure 13 .A the situation changes, because the admittance control is now implemented to simulate a mass M and damping B and no proportional K gain is present. In this dynamic condition, at time T 1 the MCT applies a restoring force in order to reconfigure towards the minimum strain energy geometry before the perturbation was applied. VI. DISCUSSION In this paper, we introduced a novel actuation system comprised of multistable composite structures and conventional electromechanical actuators. Merging these technologies can provide significant benefits to many robotic applications and especially to assistive robotics. The proposed actuation system follows the same philosophy of SEAS, which is based on the assumption that elastic deformation at the end effector can improve the safety and the accuracy of the actuator by filtering disturbances and hence preventing unexpected dynamic responses. Multistable composite materials provide several advantages with respect to the simple elastic elements used in SEAS. Among others: they are lightweight and their dynamic behavior can be accurately modeled and tailored to target different applications. These unique features can be exploited to elegantly address problems such as:
• the dynamic compensation of moving elements in a mechanism, by superimposing a geometry-dependent force; • the realization of energy saving/harvesting systems, by allowing the MCT to compensate/absorb and consequently feedback the oscillations generated by the inertial dynamics (especially in cases where the position control is continuously required to solve a repetitive task, e.g. a production line); • the realization of lightweight assistive support devices exploiting the MCT's multiple equilibrium configurations. An example of this could be a loadcarrying exoskeleton, in which, differently from conventional systems, the load is resisted by the blocking force of one of the MCT's equilibrium configurations, rather than by the power of an electromechanical actuator. These points will be the subject of future research.
